Nowadays, cancer is one of the most threatening diseases for human beings[@b1]. Thus, the sensitive analysis of tumor biomarkers became greatly important since the level of biomarkers could provide useful information for early diagnosis and disease surveillance. Neuron specific enolase (NSE), a sensitive and reliable tumor marker for small cell lung cancer (SCLC)[@b2], could be used to early diagnosis and assess the patient's recovery progress. Therefore, many methods have been proposed for the detection of NSE, including electrochemical immunoassay[@b1][@b3][@b4][@b5], fluorescence immunoassay[@b6][@b7], chemiluminescence immunoassay[@b8][@b9] etc[@b10][@b11][@b12][@b13][@b14]. However, developing new sensitive and simple method for the analysis of NSE is still important and meaningful.

As a powerful analytical method, electrochemiluminescence (ECL) has been widely used in environmental monitoring[@b15][@b16], food safety[@b17], bioanalysis[@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25], and so forth[@b26][@b27] due to its high sensitivity, simple set-up and absence of background optical signal. Among the ECL luminophores, Ru(bpy)~3~^2+^ and its derivatives are the most extensively studied luminophores for their high ECL efficiency and good stability in aqueous solution. Ru(bpy)~3~^2+^-doped silica (Ru-SiO~2~) nanoparticles have attracted much attention due to that each Ru-SiO~2~ nanoparticle contained a large amount of Ru(bpy)~3~^2+^ molecules, which could greatly enhance the ECL signal. The Ru-SiO~2~ nanoparticles have been used to construct ECL sensor for DNA analysis[@b28][@b29], immunoassay[@b30][@b31], cell test[@b32][@b33] and so on[@b34][@b35][@b36]. Since luminophore itself produce low ECL signal, co-reactant such as tripropylamine (TPA) is usually added to the ECL system to enhance the ECL intensity and improve the analytical performance. However, adding co-reactant might lead to a more complex assay system and increase the analytical steps to some extent[@b37]. Therefore, self-enhanced ECL composite was developed to greatly enhance the ECL signal and simplify the analysis process at the same time. Self-enhanced ECL composite made luminophore and its co-reactant exist in the same composite. In this way, the electron-transfer distance between the luminophore and its co-reactant was shortened and the luminous efficiency could be greatly enhanced[@b38]. So far, several self-enhanced ECL composites have been proposed and excellent results were obtained[@b38][@b39][@b40][@b41]. For example, Zhuo *et al.* linked Ru(II) with the co-reactant poly(ethylenimine) (PEI) to prepare a self-enhance ECL composite of Ru(II)-PEI and it was used to build an immunosensor for the analysis of apurinic/apyrimidinic Endonuclease 1[@b39]. Wang *et al.* immobilized Ru(II) with the co-reactant polyamidoamine dendrimer (PAMAM) on palladium nanowires and used the self-enhance composite to construct carcinoembryonic antigen (CEA) immunosensor[@b40]. To further expand the application of the simple and sensitive self-enhanced ECL sensor, preparing new and efficient self-enhanced composite is great important.

Herein, we prepared a novel self-enhanced ECL composite by simply combining PEI with Ru-SiO~2~ nanoparticles for the first time, and the obtained hollow Ru-SiO~2~\@PEI nanoparticles were used to build an ECL immunosensor for the analysis of NSE. During the interaction, PEI assembled on the surface of the Ru-SiO~2~ nanoparticles through electrostatic interaction to work as co-reactant to greatly enhance the ECL signal. At the same time, PEI provided an alkaline condition to etched the Ru-SiO~2~ to form the hollow Ru-SiO~2~\@PEI nanoparticles with porous shell, which was beneficial for the reaction between PEI and Ru(bpy)~3~^2+^. Since a large amount of Ru(bpy)~3~^2+^ and its co-reactant were loaded in the composite at the same time, strong ECL signal was produced. The proposed immunosensor based on the self-enhanced ECL composites showed wide linear range and low detection limit for NSE. The analytical results were consistent with those obtained from the enzyme-linked immunosorbent assay (ELISA) method when the immunosensor was used for the detection of NSE in clinical human serum. The proposed method showed great promise for the NSE analysis in clinical samples.

Materials and Reagents
======================

Neuron-specific enolase (NSE), NSE antibody (anti-NSE), NSE ELISA kits and Carcinoembryonic antigen (CEA) were purchased from Linc-Bio Science Co. Ltd (Shanghai, China). Triton X-100, bovine serum albumin (BSA), and alpha fetoprotein (AFP) were supplied by Beijing Dingguo Biotechnology Co., Ltd. (Beijng, China). Tetraethyl orthosilicate (TEOS), Tris (2, 2-bipyridyl) dichlororuthenium(II) hexahydrate (Ru(bpy)~3~Cl~2~.6H~2~O), Poly(ethylenimine) (PEI) and HAuCl~4~ were bought from Aldrich. Cyclohexane and ammonium hydroxide (25--28 wt%) were supplied by Beijing Chemical Reagent Factory (Beijing, China). 1-hexanol was offered by Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Na~2~HPO~4~ and NaH~2~PO~4~ were used to prepare phosphate buffer solutions (PBS). Washing buffer was 0.05% (w/v) Tween-20 in 0.01 M PBS (pH 7.4). All aqueous solutions in the experiments were prepared with doubly distilled water. Human serum samples were obtained from First Affiliated Hospital of Jilin University. Use of serum samples was approved by First Affiliated Hospital of Jilin University. All experiments were performed in accordance with the approved guidelines and regulations. Informed consent was obtained from all subjects.

Apparatus
---------

MPI-E ECL analyzer (Xi'An Remax Electronic Science & Technology Co. Ltd., China) was used to record the ECL responses. A voltage of 800 V was supplied to the photomultipliertube (PMT). CV behaviors were measured on a CHI832 voltammetric analyzer (Shanghai Chenhua Apparatus Inc., China). Modified GCE electrode, a platinum wire and an Ag/AgCl (saturated KCl) electrode were used as working electrode, counter electrode and reference electrode, respectively. UV-visible spectra were recorded on Cary 50 UV-vis spectrophotometer (Varian, America). AUTOLAB PGSTAT302N was used to record the electrochemical impedance Spectroscopy (EIS). Transmission electron microscopy (TEM) was conducted using a JEOL JEM-1011 electron microscope.

Preparation of Ru-SiO~2~\@PEI nanoparticles
-------------------------------------------

Firstly, Ru-SiO~2~ nanoparticles were prepared according to a previous literature[@b42]. Briefly, 7.08 mL of TritonX-100, 7.2 mL of 1-hexanol, 30 mL of cyclohexane and 1.36 mL of water were mixed together to form a homogeneous solution under stirring. Then, 320 μL of 0.1 M Ru(bpy)~3~^2+ ^ aqueous solution and 400 μL of TEOS were added. Afterwards, 240 μL of NH~4~OH was added to initiate the polymerization reaction. After reacting for 24 hours, the Ru-SiO~2~ nanoparticles were isolated by adding acetone to the mixture. Followed by washing with ethanol and water for several times to remove any surfactant molecules, the nanoparticles were suspended in 15 mL water for further experiments.

Ru-SiO~2~\@PEI nanoparticles were synthesized by adding 10 mL of 20 mg mL^−1^ PEI to 10 mL of 0.5 mg mL^−1^ Ru-SiO~2~ nanoparticles solution and stirred for 12 hours. After centrifuging and washing with water for several times, Ru-SiO~2~\@PEI nanoparticles were obtained. The nanoparticles for different PEI concentration or reaction time were prepared in the same way.

Fabrication of the ECL immunosensor
-----------------------------------

The fabrication process of the immunosensor was exhibited in [Fig. 1](#f1){ref-type="fig"}. Firstly, GCE (3 mm) was polished with 0.3 μm and 0.05 μm alumina powders to obtain mirror-like surface, followed by sonicating in ethanol and water thoroughly and drying at room temperature. 5 μL of Ru-SiO~2~\@PEI nanoparticles was dropped onto the pretreated GCE and dried in air. To avoid the ECL composite falling down from the electrode, 2 μL of Nafion was dropped on the electrode to form a Nafion film. Then, the modified electrode was immersed into HAuCl~4~ (1%) solution and electrochemical deposited with constant potential of −0.2 V for 15 s to obtain Au NPs layer. Subsequently, anti-NSE was immobilized on the electrode by soaking the electrode in 80 μL of anti-NSE solution at 4 °C for 24 h. Thereafter, the electrode was immersed in 80 μL of 1% BSA at 37 °C for 1 h to block the nonspecific binding sites. Finally, the electrode was incubated with 80 μL of NSE solution at 37 °C for 80 min to capture the NSE through the interaction between the antibody and antigen. After each modified step, the modified electrode was thoroughly washed with washing buffer to remove the physically absorbed species. ECL response of the proposed immunosensor was investigated in 0.1 M PBS (pH 7.5).

Results and Discussion
======================

Characteristics of Ru-SiO~2~ and Ru-SiO~2~\@PEI nanoparticles
-------------------------------------------------------------

As shown in [Fig. 2A](#f2){ref-type="fig"}, the prepared Ru-SiO~2~ nanoparticles were spherical and uniform in size. When the Ru-SiO~2~ nanoparticles suspension was combined with PEI solution, hollow Ru-SiO~2~\@PEI nanoparticles were obtained ([Fig. 2F](#f2){ref-type="fig"}). To understand the formation process of the hollow structure, Ru-SiO~2~\@PEI nanoparticles with different reaction time were investigated ([Fig. 2B--F](#f2){ref-type="fig"}). As can be seen, when the reaction time was 0.5 h, many small pores produced inside the nanoparticles. With the increase of reaction time, these small pores merged into a larger cavity and eventually generated the hollow nanoparticles. It's well-know that SiO~2~ could be etched in alkaline solution by breaking the Si-O-Si bond[@b43]. During the interaction between Ru-SiO~2~ nanoparticles and PEI, on one hand, PEI could assemble on the surface of Ru-SiO~2~ nanoparticles through electrostatic interaction. As shown in [Figure S1](#S1){ref-type="supplementary-material"}, the Ru-SiO~2~ nanoparticles were negatively charged while the Ru-SiO~2~\@PEI nanoparticles were positively charged, which suggested that PEI assembled on the surface of Ru-SiO~2~ nanoparticles successfully. On the other hand, the presence of protonated amine groups in the PEI chain provided an alkaline condition, which resulted in the etching of Ru-SiO~2~ nanoparticles[@b44]. Since the PEI on the surface of the Ru-SiO~2~ nanoparticles could work as protecting agent to prevent the dissolution of the Si-O-Si bond near the outer surface[@b44][@b45], as a result, the interior of the Ru-SiO~2~ was etched and eventually formed the hollow Ru-SiO~2~\@PEI nanoparticles. In addition, the nitrogen adsorption-desorption isotherm measurement showed that the surface areas increased from 97.8 to 161.9 m^2^ g^−1^ when the Ru-SiO~2~ nanoparticles interacted with PEI to form the hollow Ru-SiO~2~\@PEI nanoparticles. From the pore distribution curve measured by the BJH method ([Figure S2](#S1){ref-type="supplementary-material"}), we can see that the pore diameter of Ru-SiO~2~ nanoparticles is about 2 nm in average. While for the Ru-SiO~2~\@PEI nanoparticles, the ratio of some larger pores with average diameter about 4 nm increased due to the etching of Ru-SiO~2~ nanoparticles. Moreover, when different concentrations of PEI were interacted with Ru-SiO~2~ nanoparticles for 12 h, the hollow-structured nanoparticles were obtained successfully ([Figure S3](#S1){ref-type="supplementary-material"}), indicating that the concentration of PEI in the studied range has little effect on the formation of the hollow structure.

The UV-vis absorption spectra of Ru-SiO~2~ and Ru-SiO~2~\@PEI nanoparticles were shown in [Fig. 3](#f3){ref-type="fig"}. Two obvious peaks appeared at about 287 nm and 457 nm in the spectrum of Ru-SiO~2~ nanoparticles, which were assigned to ligand-centered transitions and metal-to-ligand charge transfer (MLCT) of Ru(bpy)~3~^2+^ molecule, respectively[@b46]. This indicated that Ru(bpy)~3~^2+^ molecules were successfully encapsulated in the Ru-SiO~2~ nanoparticles. After reacting with PEI to form the hollow Ru-SiO~2~\@PEI nanoparticles, there was no obvious change in the UV spectrum, which suggested that the Ru(bpy)~3~^2+^ molecules still maintained in the Ru-SiO~2~\@PEI nanoparticles.

Electrochemistry and ECL behavior
---------------------------------

5 μL of 0.5 mg mL^−1^ Ru-SiO~2~\@PEI nanoparticles were coated on the GCE electrode (Ru-SiO~2~\@PEI/GCE) and the modified electrode was scanned in 0.1 M PBS (pH = 7.5). The cyclic voltammograms (CV) and ECL--potential curve ([Fig. 4A](#f4){ref-type="fig"}) showed that the characteristic redox of Ru(bpy)~3~^2+^ with an oxidation peak appeared near 1.1 V (curve a) and high ECL signal was produced (curve b), which indicated that Ru(bpy)~3~^2+^ molecules in the Ru-SiO~2~\@PEI nanoparticles still maintained its properties. The luminescence began around 1.0 V and reached to its maximum value at 1.1 V, which was consistent with the oxidation potential of Ru(bpy)~3~^2+^, suggesting that the oxidation of Ru(bpy)~3~^2+^ played an important role in the process of ECL. In addition, compared with Ru-SiO~2~ nanoparticles modified electrode (Ru-SiO~2~/GCE) ([Fig. 4B](#f4){ref-type="fig"}, curve a), the ECL intensity of Ru-SiO~2~\@PEI/GCE increased about 25 times ([Fig. 4B](#f4){ref-type="fig"}, curve b). This great signal enhancement can be attributed to that PEI with amine groups could work as co-reactant to enhance the ECL of Ru(bpy)~3~^2+ ^[@b38]. Furthermore, when the Ru-SiO~2~/GCE was scanned in 0.1 M PBS (pH 7.5) containing of 20 mg mL^−1^ PEI ([Fig. 4B](#f4){ref-type="fig"}, curve c), the ECL intensity was enhanced about 5 times, which indicated that PEI could indeed enhance the ECL of Ru(bpy)~3~^2+^. However, the signal enhancement is still much lower than that of Ru-SiO~2~\@PEI/GCE. This can be explained that both a large amount of Ru(bpy)~3~^2+^ and its co-reactant PEI were loaded in the Ru-SiO~2~\@PEI nanoparticles at the same time so that the electron-transfer distance was shortened, by which the luminous efficiency was enhanced and resulted in the high ECL response[@b36]. In a word, the prepared Ru-SiO~2~\@PEI nanoparticles produced the highest ECL signal by self-enhancement. According to the electrochemistry and ECL behaviors of the Ru-SiO~2~\@PEI nanoparticles and the previous reports[@b38][@b39], we proposed the possible ECL mechanism of the Ru-SiO~2~\@PEI nanoparticles as below:

Characterization of the immunosensor
------------------------------------

As indicated above, Ru-SiO~2~\@PEI nanoparticles could produce high ECL signal without any extra addition. Thus, we constructed a self-enhanced ECL immunosensor for the analysis of NSE. And then, the fabrication process of the immunosensor was firstly investigated. [Figure 5A](#f5){ref-type="fig"} showed the ECL responses of each step in 0.1 M PBS (curve a). When Ru-SiO~2~\@PEI nanoparticles were coated on GCE, great ECL signal was produced ([Fig. 5A](#f5){ref-type="fig"}, curve b). After electrodeposition of Au NPs on the electrode, the ECL intensity was enhanced ([Fig. 5A](#f5){ref-type="fig"}, curve c), since the good conductivity of Au NPs could increase the electron transfer on the electrode and amplified the ECL signal. When anti-NSE was assembled on the electrode via the interaction between the Au NPs and the amino groups of anti-NSE, ECL intensity decreased about 1800 a.u. ([Fig. 5A](#f5){ref-type="fig"}, curve d), which was attributed to that the electronically insert feature of antibody hindered the electron transfer on the electrode and lead to the decrease in ECL response. In addition, ECL signal decreased again after BSA blocked the non-specific site ([Fig. 5A](#f5){ref-type="fig"}, curve e). Finally, when NSE antigen was immobilized on the electrode through the interaction between antigen and antibody, ECL intensity decreased further ([Fig. 5A](#f5){ref-type="fig"}, curve f). These results indicated that each step was constructed successfully, and also suggested that the proposed immunosensor could be used to highly sensitive detection of target antigen based on the decrease of the ECL signal.

CVs responses of each step in 0.1 M KCl containing 5.0 mM \[Fe(CN)~6~\]^3−/4−^ were displayed in [Fig. 5B](#f5){ref-type="fig"}. The bare GCE exhibited a pair of reversible redox peaks ([Fig. 5B](#f5){ref-type="fig"}, curve a). After Ru-SiO~2~\@PEI nanoparticles were coated on the electrode, the peak current decreased due to the poor conductivity of Ru-SiO~2~\@PEI nanoparticles ([Fig. 5B](#f5){ref-type="fig"}, curve b). Subsequently, the peak current obviously increased when conductive Au NPs were electrodeposited on the electrode ([Fig. 5B](#f5){ref-type="fig"}, curve c). However, the peak current decreased consecutively when the electrode assembled anti-NSE, BSA and NSE successively ([Fig. 5B](#f5){ref-type="fig"}, curve d--f), owing to that the electron insulted protein molecules blocked the electron transfer on the electrode surface. At the same time, these changes in CV confirmed that anti-NSE, BSA and NSE were immobilized on the electrode successfully.

Electrochemical impedance spectroscopy (EIS) was also conducted to evaluate the fabrication process of the immunosensor ([Fig. 5C](#f5){ref-type="fig"}). When the low conductivity of Ru-SiO~2~\@PEI nanoparticles were coated on GCE, electron transfer resistance (R*et*) increased ([Fig. 5C](#f5){ref-type="fig"}, curve b), while the electrodeposition of Au NPs resulted in decreased R*et* ([Fig. 5C](#f5){ref-type="fig"}, curve c). However, R*et* increased consecutively after the successively immobilization of electron insulted anti-NSE, BSA and NSE on the electrode ([Fig. 5C](#f5){ref-type="fig"}, curve d--f). These results were consistent with ECL and CV response.

Optimization of experimental parameter
--------------------------------------

To obtain good analytical performance, several experimental parameters, including the concentration of Ru-SiO~2~\@PEI, the concentration of the anti-NSE, incubation time between antibody and antigen and pH of the detection solution were optimized. Firstly, the effect of Ru-SiO~2~\@PEI concentration on the ECL intensity was shown in [Figure S4A](#S1){ref-type="supplementary-material"}. The ECL intensity increased with the increase of Ru-SiO~2~\@PEI concentration from 0.1 to 0.5 mg mL^−1^, and it began to decrease thereafter. This was due to that with the increase concentration of Ru-SiO~2~\@PEI, more ECL molecules were immobilized on the electrode and produced high ECL signal. However, the ECL emission might be absorbed or scattered by too much ECL molecules[@b42]. Therefore, 0.5 mg mL^−1^ of Ru-SiO~2~\@PEI was used to construct the sensor.

The concentration of the anti-NSE during the construction of the immunosensor was optimized. As shown in [Figure S4B](#S1){ref-type="supplementary-material"}, the ECL decreased with the increase of the concentration of the anti-NSE from 0.1 to 1 μg mL^−1^, and it began to stabilize with higher concentration, which indicated the saturated immobilization of anti-NSE on the electrode. Thus, we used 1 μg mL^−1^ anti-NSE to build the immunosensor.

The incubation time between antigen and antibody was an important factor influencing the ECL signal. As indicated in [Figure S4C](#S1){ref-type="supplementary-material"}, the ECL intensity decreased with longer incubation time and reached a plateau after 80 min, which showed a saturated binding of NSE on the electrode. Thus, 80 min of incubation time was selected for the sensor.

In addition, pH value effect was also investigated. As exhibited in [Figure S4D](#S1){ref-type="supplementary-material"}, the ECL signal increased with pH value from 6.0 to 7.5 and it began to decrease with higher pH value. According to the ECL mechanism of the system, higher pH value was favorable for the deprotonation which resulted in high ECL signal. However, too high pH value might lead to decomposition of some species[@b42]. Hence, pH 7.5 was used in the experiment.

Analytical performance of the immunosensor
------------------------------------------

The analytical performance of the immunosensor was investigated by incubating the immunosensor in NSE solution with different concentrations under the optimal conditions. As shown in [Fig. 6A](#f6){ref-type="fig"}, the ECL intensity decreased with higher concentration of NSE, which due to that the electron insulted NSE hindered the electron transfer on the electrode. The decrease value of ECL intensity (ΔI = I~0~ − I, I~0~ stands for the ECL intensity without NSE and I is the ECL intensity with NSE.) was proportional to the logarithm of NSE concentration in the range from 1.0 × 10^−11^ to 1.0 × 10^−5^ mg mL^−1^ with a detection limit of 1.0 × 10^−11^ mg mL^−1^. The linear regression equation is ΔI = 207.51 × log C~NSE~ + 3599.03 with a correlation coefficient of 0.992. The comparison of analytical performance of the proposed immunosensor with previous reports was listed in [Table 1](#t1){ref-type="table"}. It can be found that the present work showed lower detection limit and wider liner rang over other approaches.

The excellent analytical performances of the proposed method were attributed to the high ECL intensity produced by the self-enhanced Ru-SiO~2~\@PEI nanoparticles. Since both a large amount of Ru(bpy)~3~^2+^ and its co-reactant PEI were loaded on the Ru-SiO~2~\@PEI nanoparticles at the same time, the ECL signal was greatly amplified and resulted in the good analytical performances.

AFP, CEA and BSA were used as interference agents to evaluate the specificity of the immunosensor. As shown in [Fig. 6B](#f6){ref-type="fig"}, the ECL responses of pure AFP, CEA and BSA were negligible compared with that of NSE. What's more, the ECL signal of the mixture of AFP, CEA, BSA and NSE was similar to that of the NSE. These results demonstrated that the proposed immunosensor possessed good specificity for the analysis of NSE. In addition, the relative standard deviation (RSD) for five different immunosensors was 4.4%, which indicated good fabrication reproducibility. Furthermore, the RSD for ten continuous scan of an immunosensor was 5.4% and the ECL signal could still maintain 84% of the initial intensity after one month, which suggested good stability of the immunosensor.

Analysis of NSE in clinical human serum
---------------------------------------

To investigate the practical application of the proposed immunosensor, it was used to the detection of NSE in clinical human serum samples. The assay results were compared with the reference value obtained by the commercial ELISA kits. As shown in [Table 2](#t2){ref-type="table"}, the relative deviation between the two methods was range from −2.16 to 8.11%, which indicated that the developed immunosensor had potential application in the analysis of NSE in clinical samples.

Conclusion
==========

A novel self-enhanced electrochemiluminescence immunosensor for the analysis of NSE was developed based on hollow Ru-SiO~2~\@PEI nanoparticles. The unique structure of Ru-SiO~2~\@PEI nanoparticles as well as high loading of Ru(bpy)~3~^2+^ and PEI greatly enhanced the luminous efficiency and resulted in high ECL intensity. The developed immunosensor exhibited seven orders of magnitude linear range and 1.0 × 10^−11^ mg mL^−1^ detection limit for the analysis of NSE. The immunosensor was successfully used to the analysis of clinical human serum samples, and the results are consistent with that obtained by the commercial ELISA kits. The proposed method provides a promising alternative for NSE antigen analysis in clinical samples.
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![TEM images of (**A**) Ru-SiO~2~ nanoparticles and Ru-SiO~2~\@PEI nanoparticles with the reaction time of (**B**) 0.5 h, (**C**) 2 h, (**D**) 6 h, (**E**) 9 h and (**F**) 12 h.](srep22234-f2){#f2}

![UV-vis absorption spectra of Ru-SiO~2~ and Ru-SiO~2~\@PEI nanoparticles.](srep22234-f3){#f3}

![(**A**) Cyclic voltammograms (a) and ECL--potential curve (b) of Ru-SiO~2~\@PEI/GCE in 0.1 M PBS (pH 7.5). (**B**) ECL response of (a) Ru-SiO~2~/GCE, (b) Ru-SiO~2~\@PEI/GCE in 0.1 M PBS (pH 7.5) and (c) Ru-SiO~2~/GCE in 0.1 M PBS (pH 7.5) containing of 20 mg mL^−1^ PEI. Scan rate: 100 mV s^−1^. Scan potential: 0\~1.35 V.](srep22234-f4){#f4}

![(**A**) ECL, (**B**) CV and (**C**) EIS responses of (a) GCE, (b) Ru-SiO~2~\@PEI/GCE (c) Au/Ru-SiO~2~\@PEI/GCE, (d) anti-NSE/Au/Ru-SiO~2~\@PEI/GCE, (e) BSA/anti-NSE/Au/Ru-SiO~2~\@PEI/GCE, (f) NSE/BSA/anti-NSE/Au/Ru-SiO~2~\@PEI/GCE. The ECL responses were measured in 0.1 M PBS (pH 7.5); Scan rate: 100 mV s^−1^. Scan potential: 0\~1.35 V. CV and EIS were conducted in 0.1 M KCl solution containing of 5.0 mM \[Fe(CN)~6~\]^3−/4−^.](srep22234-f5){#f5}

![(**A**) Calibration curve of decrease value of ECL intensity (ΔI) to logarithmic NSE concentration. Insert: ECL− time curves of the immunosensor incubating with 1.0 × 10^−11^ mg mL^−1^, 1.0 × 10^−10^ mg mL^−1^, 1.0 × 10^−9^ mg mL^−1^, 1.0 × 10^−8^ mg mL^−1^, 1.0 × 10^−7^ mg mL^−1^, 1.0 × 10^−6^ mg mL^−1^ and 1.0 × 10^−5^ mg mL^−1^ NSE. (**B**) ECL responses of the proposed immunosensor incubating with 2.0 × 10^−8^ mg mL^−1^ of CEA, AFP, BSA, 1.0 × 10^−9^ mg mL^−1^ of NSE and their mixture. The ECL response was determined in 0.1 M PBS (pH 7.5); Scan rate: 100 mV s^−1^. Scan potential: 0\~1.35 V.](srep22234-f6){#f6}

###### Comparison of analytical performance of proposed immunosensor with other methods.

  Method                                                                                                                  Linear range (mg mL^−1^)                  Detection limit (mg mL^−1^)   Reference
  ------------------------------------------------------------------------------------------------------- -------------------------------------------------------- ----------------------------- -----------
  Label-less immunoassay based upon an alternating current impedance protocol                                            1.0 × 10^−9^ −5.0 × 10^−8^                        5.0 × 10^−10^            [@b4]
  Multiplexing determination by immunocapture LC-MS/MS                                                                                                                     2.1 × 10^−7^            [@b10]
  Electrocatalytic oxidation of DA based on NiHCFNPs to amplify electrochemical signal                                   1.0 × 10^−9^ −1.0 × 10^−4^                        3.0 × 10^−10^            [@b1]
  Simultaneous detection of two lung cancer biomarkers using dual-color fluorescence quantum dots                        3.0 × 10^−6^ −1.0 × 10^−4^                        1.0 × 10^−6^             [@b6]
  Photoelectrochemical immunosensor based on ZnCdHgSe quantum dots/polymerized ionic liquid hybrid film                  1.0 × 10^−9^ −1.0 × 10^−4^                        2.0 × 10^−10^           [@b11]
  Microfluidic competitive enzyme immunoassay based on chemiluminescence resonance energy transfer                       4.2 × 10^−7^ −4.4 × 10^−5^                        2.1 × 10^−7^             [@b8]
  Fluorescent and electrochemical detection based on CaCO~3~/AuNCs hybrid spheres                          5.0 × 10^−9^ −1.0 × 10^−6^ 5.0 × 10^−10^ −2.0 × 10^−6^   2.0 × 10^−9^ 1.0 × 10^−10^      [@b7]
  ECL immunosensor based on Ru-SiO~2~\@PEI nanoparticles                                                                1.0 × 10^−11^ −1.0 × 10^−5^                        1.0 × 10^−11^          This work

###### Assay results of NSE level in clinical serum samples using the proposed ECL immunosensor and ELISA method.

  Sample    ECL immunosensor (ng mL^−1^, n = 6)   ELISA (ng mL^−1^)   Relative Standard Deviation (%)
  -------- ------------------------------------- ------------------- ---------------------------------
  1                        39.27                        39.95                      −1.72
  2                        50.05                        47.27                      5.87
  3                       100.55                        93.01                      8.11
  4                       110.43                       112.87                      −2.16
